Protein phosphorylation plays a crucial role in mitogenic signal transduction and regulation of cell growth and differentiation. Dual specificity protein phosphatase 23 (DUSP23) or VHZ mediates dephosphorylation of phospho-tyrosyl (pTyr) and phospho-seryl/threonyl (pSer/pThr) residues in specific proteins. In vitro, it can dephosphorylate p44ERK1 but not p54SAPK-␤ and enhance activation of c-Jun N-terminal kinase (JNK) and p38. Human VHZ, the smallest of the catalytically active protein-tyrosine phosphatases (PTP) reported to date (150 residues), is a class I Cys-based PTP and bears the distinctive active site signature motif HCXXGXXRS(T). We present the crystal structure of VHZ determined at 1.93 Å resolution. The polypeptide chain adopts the typical ␣␤␣ PTP fold, giving rise to a shallow active site cleft that supports dual phosphorylated substrate specificity. Within our crystals, the Thr-135-Tyr-136 from a symmetry-related molecule bind in the active site with a malate ion, where they mimic the phosphorylated TY motif of the MAPK activation loop in an enzyme-substrate/product complex. Analyses of intermolecular interactions between the enzyme and this pseudo substrate/product along with functional analysis of Phe-66, Leu-97, and Phe-99 residues provide insights into the mechanism of substrate binding and catalysis in VHZ.
Protein phosphatases and kinases together help control a host of cellular functions (1) . Reversible phosphorylation of tyrosine, serine, and threonine side chains represents a fundamental mode of cellular signal transduction, regulating cell growth and differentiation. Protein phosphatases, unlike the protein kinase superfamily, can be classified as members of separate superfamilies that are mechanistically and structurally distinct from one another (2) . Based on the substrate specificity toward phospho-seryl/threonyl (pSer/pThr) 2 or tyrosyl residues (pTyr), they are divided into two families: protein serine/threonine phosphatases and protein-tyrosine phosphatases (PTPs). The so-called dual specificity phosphatases (DSPs) dephosphorylate both pTyr and pSer/pThr and belong to class I cysteine-based PTPs. Cys-based PTPs and DSPs share the conserved signature motif HCXXGXXRS(T) and exhibit similar mechanisms of catalysis, involving a two-step process that proceeds via formation of a cysteinyl-phosphate enzyme-substrate intermediate (3) .
Mitogen-activated protein kinase (MAPK) activation requires phosphorylation at threonine and tyrosine with a characteristic TY/TXY motif found within the enzyme activation loop. This reversible process is mediated by either MAPK phosphatases (MKPs) or dual specificity MKPs (DSPs) (4) . DSPs control MAPK signaling via dephosphorylation and exhibit feedback regulation (5) . There are ϳ65 human genes encoding various DSPs with low sequence similarity with respect to one another (2) . The gene encoding dual specificity protein phosphatase 23 (DUSP23) is located on human chromosome 1q23 (6) . DUSP23 (originally erroneously termed DUSP25) encodes a 150-residue protein that has also been referred to as low molecular mass dual specificity phosphatase 3 (LDP-3) and VH1-like phosphatase Z (VHZ). This class I cysteine-based PTP belongs to the intracellular, non-receptor VH1-like, atypical dual specificity phosphatases subfamily. The atypical DSPs represent an ill-defined group of enzymes that are small (Ͻ200 residues) and appear devoid of specific MAP kinase-targeting motifs. VHZ possesses distinctive active site signature motif HCXXGXXRS(T) characteristic of VH1-like phosphatase, a virulence factor of Vaccinia virus. VHZ has the DSP motif but lacks CDC25 (CDC; cell division cycle) homology domain found in cell cycle regulator CDC25 phosphatase (6) . In vitro, VHZ can dephosphorylate p44-ERK1 (MAPK3) but not p38 or p54SAPK-␤ (MAPK10) (6) . Also, in vitro, it is able to enhance activation of c-Jun N-terminal kinase (JNK) and p38 (MAPK14) stimulated by several osmotic stress and functions as an enhancer of osmotic stress (7) . The specificity of the VHZ toward selective MAPKs family members might dictate its involvement in different biological functions (6) .
Here, we present the x-ray structure of VHZ with a malate ion bound in the catalytic center. A unique arrangement of symmetry-related molecule leads to the docking of a productlike loop in the active site, creating with the bound malate ion a pseudo enzyme-substrate/product complex with Tyr-136Ј. In this context, Thr-135Ј-Tyr-136Ј mimics the TY motif found with the activation loops of MAP kinases. Mutational and functional analysis of crucial residues at the active site of VHZ, Phe-66, Leu-97, and Phe-99, shed light on their role in substrate binding and catalysis for pNPP, pThr, and pTyr phosphopeptide substrates. Our structure provides insights into protein substrate binding and recognition by VHZ and enhances our understanding of dual specificity phosphatase catalysis.
EXPERIMENTAL PROCEDURES
Gene Cloning, Mutagenesis, Protein Expression, and Purification-The gene for human VHZ (E.C. 3.1.3.48, 3.1.3.16; Swiss-Prot: Q9BVJ7) was amplified using the following PCR primers: forward, 5Ј-GGCGTGCAGCCCCCCAACTTCTCCT-3Ј, and reverse, 5Ј-ATTTCGTTCGCTGGTAGAACTG-3Ј, and cloned in pSGX4 (BC) vector. Various mutations of VHZ were made using the QuikChange mutagenesis kit (Stratagene). The primer sequences used were as follows: F66A; forward, 5Ј-GC-GCATCCCCGAC GCCTGCCCGCCGGCC-3Ј, and reverse, 5Ј-GGCCGGCGGGCAGGCGTCGGGGATGC-3Ј, for L97E; forward, 5Ј-GCACTGTGCTGAGGGCTTTGGCCGCAC-3Ј, and reverse, 5Ј-GTGCGGCCAAAGCCCTCAGCACAGTGC-3Ј, for L97A; forward, 5Ј-GCACTGTGCTGCCGGCTTTGG-CCGCAC-3Ј, and reverse, 5Ј-GTGCGGCCAAAGCCGGCA-GCACAGTGC-3Ј, and for F99A, forward, 5Ј-GTGCTCTGG-GCGCTGGCCGCACTG-3Ј, and reverse, 5Ј-CAGTGCGGC-CAGCGCCCAGAGCAC-3Ј. Sequence-verified clones were then transformed into BL21(DE3)-codonϩRIPL cells for the expression. Protein expression and purification followed the standard NYSGXRC protocol (available through pepcDB).
Protein Tyrosine and Serine/Threonine Phosphatase AssayProtein tyrosine and serine/threonine phosphatase activity was measured using the Universal tyrosine phosphatase kit and Ser/ Thr phosphatase assay kit according to the manufacturer's directions (Takara and Millipore). Poly(Glu-pTyr) (4:1, 20 -50 kDa) and Lys-Arg-pThr-Ile-Arg-Arg were used as substrates for pTyr and pThr phosphatase assays, respectively. Protein concentration of 2.5 g for pNPP and 20 g of all mutants and native protein were used for both pThr and pTyr phosphatase activity measurements. Native and all mutants had intact N-terminal small ubiquitin-like modifier tag. Inhibition assays with DL-malic acid were performed with the same tyrosine phosphates assay kit at concentrations of 10 -1000 M. In vitro, VHZ showed phosphatase activity versus pNPP, phospho-peptide PTP, and pSer/Thr substrates, thereby confirming that the protein used for structure determination possesses dual specificity.
Crystallization and Data Collection-Diffraction quality crystals of Se-Met protein (small ubiquitin-like modifier tagcleaved) were obtained in the orthorhombic space group P2 1 2 1 2 1 at room temperature via vapor diffusion against a reservoir solution containing 20% (w/v) polyethylene glycol 3350, 0.15 M DL-malic acid, pH 7.0 (1 l of reservoir solution plus 1 l of protein at 20 mg/ml). Crystals were frozen by direct immersion in liquid nitrogen using the mother liquor with added glycerol (final concentration ϭ 15% (v/v)). Four x-ray diffraction data sets from four crystals were collected under standard cryogenic conditions at Beamline X29, National Synchrotron Light Source, Brookhaven National Laboratory, and were reduced, merged, and scaled using HKL2000 (8) . The Matthews coefficient was calculated to be 2.03 Å 3 /Da assuming one molecule/ asymmetric unit. Data collection and refinement statistics are given in Table 1 .
Structure Determination by Multiple-wavelength Anomalous Diffraction and Refinement-Data recorded from each Se-Met crystal yielded the location of the sole selenium atom within VHZ using Solve (9) and ShelxD (10), but they did not support automated structure determination individually. Experimental phases dramatically improved by combining all four data sets for phase refinement with SHARP (11) and density modification with SOLOMON (34) . Arp/warp (12) yielded ϳ98% atomic model of the protein, which was subsequently refined with CNS (13) at 1.93 Å resolution.
RESULTS AND DISCUSSION
Overall Structure-Human VHZ is a single domain, globular protein with ␣␤␣ architecture (Fig. 1 ). This polypeptide chain forms a five-stranded (␤1-␤5), twisted ␤-sheet flanked by five ␣-helices (␣1 and ␣3-␣6) (Fig. 1) . The final refined model of VHZ consists of residues 2-150 (excluding the N-terminal methionine), one malate anion, and 114 water molecules. The crystallographic R factor and R free are 19 and 22%, respectively, and ϳ90% of polypeptide backbone / combinations occur in most favored regions of the Ramachandran diagram ( Table 1) .
The PTP Loop and the Active Site-The active site of VHZ is composed of a distinctive HCXXGXXRS(T) signature motif, also known as PTP loop, characteristic of cysteine-dependent PTPs. The active site is located within a 6-Å-deep crevice on the surface. The PTP or P-loop region (93-101 amino acids) connects ␤5 and ␣4 ( Fig. 1 ) and includes the conserved catalytic Cys-95 that makes a covalent bond with the phosphorous atom of the pTyr/Thr/Ser substrate during catalysis (3, 14) . The substrate-binding pocket is also lined by hydrophobic side chains (Ala-96, Leu-97, Gly-98, Phe-99, and Gly-100) and a positively charged residue, Arg-101 (Fig. 2, a and b) . In some cases, larger hydrophobic residues such as Leu or Met replace Ala-96. In a few cases, His replaces Leu-97. Only Gly-98 and Arg-101 are conserved. Kinetic studies suggest that this conserved Arg plays an important role in substrate binding and transition state stabilization (15) (16) (17) (18) .
Not surprisingly, the C95S mutant of VHZ showed essentially no phosphatase activity (6). In our structure, Cys-95 interacts with O2 and O3 of malate ion, NЈ of Ala-96 and Gly-98 and the partially conserved Thr-102 (Ser in many other phosphatases) of the active site motif (HCXXGXXRS(T)) ( Table 2 ).
Hydrogen bonding interaction and stabilization of the cysteinyl anion to OG/OG1 of Ser/Thr is likely to reduce the pK a of the thiol, thereby allowing it to participate in catalysis (19) . When the residue corresponding to Thr-102 is mutated to Ala in VHR (S131A) and PTP1 (S222A), remarkable decreases in activity were observed without affecting substrate binding and formation of the covalent catalytic intermediate (20, 21) . Thus, interaction of Cys-95 with OG1 of Thr-102 and also its exposure to solvent both appear important for its catalysis (19) . In vitro, the active site cysteine undergoes reversible oxidation and inactivation via conversion of the cysteine thiolate to sulfenic acid (SOH). Further oxidation steps lead to irreversible activation via formation of sulfinic (SO 2 H) and then sulfonic acid (SO 3 H) (22) .
The WPD Loop-The WPD (tryptophan-proline-aspartate) loop (63-68 amino acids) connecting the ␤4 strand to ␣3 helix ( Fig. 1) plays an important role in tyrosine phosphatase catalytic activity. The conserved Asp-65 acts as a general acid/base catalyst during dephosphorylation and is thought to interact directly with pTyr or pSer/pThr in peptide substrates (23) . In addition, mutational studies revealed that the D65A mutant virtually abolishes phosphatase activity, indicating that it is important for catalytic activity (6) . A HingeProt analysis from BioInfo3D suggests that Arg-62 and Gln-79 represent hinge residues, giving flexibility to the WPD loop. For other phosphatases, the ligand-induced-closed conformation of WPD loop is correlated with the ligand/phosphate binding. Transition from the open to the closed conformation of the WPD loop occurs on substrate binding, suggesting that the flexibility of the WDP loop contributes to substrate specificity (24) . In our structure, Arg-101 of the PTP loop sits near the WPD loop, where it makes a salt bridge with Asp-65, creating a closed conformation.
Putative Enzyme-hydrolyzed Substrate/Product ComplexIn the presence of the malate ion, enzymatic activity versus pTyr substrates is reduced via weak competitive inhibition (IC 50 ϳ 500 M). In the crystal structure, the malate ion makes a total of 14 interactions with the PTP loop and one with the WPD loop, thereby stabilizing both loops (Table 2 , Fig. 2a ). This pattern of protein-ion interactions is similar to that seen for a sulfate ion in the structure of VHR (PDB ID: 1VHR) (25) (Fig. 2b) and the substrate phosphate moiety in a structure of PTP1b (PDB ID: 1EEN and 1EEO) (26) . O 2 , O3, and O4 of the malate ion serve as mimics for three of the four phosphate oxygen atoms of pTyr (Table 2 , Fig. 2, a and b) . It is remarkable that Tyr-136 of a symmetry-related copy of VHZ (designated with a prime) docks in the enzyme active site binding to Asp-65 of the WPD loop and Arg-101 of the PTP loop (Fig. 3, Table 2 ). Together, Asp-65 and Arg-101 form a salt bridge, giving rise to the catalytically competent closed conformation of the enzyme. Leu-97, Phe-99, and Phe-66 appear crucial for stabilizing the position of the phenyl ring of Tyr-136Ј, as seen with Ala-217 and Ile-219 and Phe-182 in the PTP1b-substrate complex structure (PDB ID: 1EEN). Phe-66 is highly conserved in VHZ orthologs. The relative spatial arrangement of the bound malate ion and the docked Tyr-136Ј side chain mimics an enzyme-substrate complex (Figs. 3 and 4) . To the best of our knowledge, the present structure reveals for first time stabilization of Asp-65 so as to permit donation of a proton to the transition state phenoxide, thereby generating the tyrosineleaving group. A number of groups have previously suggested that the conserved active site Asp (Asp-65 in VHZ) stabilizes the dissociative transition state for enzyme-product formation and helps in the departure of leaving phenoxide (21, 27, 28) . In a previously published structure, the C215S mutant form of PTP1b bound to a small peptide substrate, the Asp of the WPD loop was observed to be in a different, non-productive rotamer conformation placing the side chain oxygen atom ϳ6.8 Å from the OH4 of the pTyr substrate (29) .
VHZ Substrate Binding/Recognition-Fortuitous docking of residues Thr-135Ј-Tyr-136Ј into the active site of VHZ provides, to the best of our knowledge, the first view of a kinase activation loop TY motif bound to the VHZ enzyme. Both hydrophobic and hydrogen bonding interactions are involved in stabilizing this enzyme-product complex. In addition to contacts with the Tyr of TY motif itself, Phe-66 makes a -stacking aromatic interaction with Phe-143Ј, and the side chain oxygen atoms of Glu-134 interact with NZ of Lys-140Ј and NE2 and OE1 of Gln-144Ј (Fig. 4, a and b) . The backbone oxygen atom of Phe-66 also interacts with the side chain of Gln-147Ј. These findings also suggest that residues C-terminal to the TY motif may represent determinants of VHZ substrate specificity.
Comparison of our structure with enzyme-substrate-peptide complex structures of PTP1b (PDB IDs: 1EEO and 1EEN) and VHR (1J4X) revealed interesting similarities and differences with respect to substrate orientation and WPD loop conformation. PTP1b dephosphorylates phospho-Tyr residues in many receptor tyrosine kinases, including the epidermal growth factor, insulin, and platelet-derived growth factor receptors (29) . In contrast, VHR shows specificity for both ERK1 and ERK2 in vitro (30) , which may be explained by the extended nature of the interactions observed between VHR (via N-terminal CDC homology domain) and its peptide substrate (Fig. 5a) .
Unexpectedly, the orientation of the bound peptide in our VHZ enzyme-product complex more closely resembles that seen for PTP1b than for VHR (Fig. 5, a and b) . The docking of the phospho-group is similar in all three (malate in VHZ), but the substrate recognition is different, which is due to the variations in residues not only lining the active site pocket but also other regions away from the active site. PTP1b and VHR show difference in recognition of substrate peptides. In VHR, the phosphate moiety of the pThr of the biphosphorylated (pThrXpTyr) substrate is stabilized by Arg-158 and Asn-41. If ERK1/ ERK2 were to bind similarly to VHZ two major variations between them do not support the same: 1) Phe-66 and not Asp-65 of VHZ superimposes with the catalytic Asp of WPD loop of VHR and 2) Ala-20 in VHZ corresponds to Asn-41 of VHR; also, Arg-129 (analogous to Arg-158 of VHR) is buried and shielded by Asn7. Accordingly, for a similar mode of binding in VHZ, a drastic conformational change of WPD loop may be necessary. However, no conformation change is observed between the native and complex structures of VHR.
In VHZ and PTP1b, due to high similarities in residues lining the active pocket, the orientation of the substrate is similar in both except for the fact that VHZ lacks interactions seen between PTP1b substrate and the PTP1b-N-terminal regions (46 -49 amino acids). Accordingly, the symmetry-related molecule docking loop along with its Tyr-136Ј is displaced by ϳ4.8 Å as compared with PTP1b substrate peptide toward Asp-65 and Arg-101 (Fig. 6 ). This is probably because it is a leaving Tyr and not pTyr. However, the stacking of Phe-66 and Tyr-136Ј is preserved, as seen in PTP1b complex.
In 1EEO, the distance between pTyr-OH4 and Asp-181 OD1 is ϳ6.7 Å, and either Asp-181 or pTyr or both need to move to come closer to facilitate the hydrolysis (Fig. 6) . Tyrosine of pTyr upon hydrolysis is expected to move a little away from the phosphate but will need to interact with Asp of WPD loop that donates proton before it leaves the active site. In the current 1EEO and 1EEN) and not with VHR-substrate peptide complex (1J4X). a, in VHR (cyan) (1J4X), the small MAP kinase peptide (orange) binds differently, and pTyr docking at the active site has difference in orientation; also, Asp of WPD loop is on the opposite side of the tyrosine as compared with 2IMG (green), Tyr-136Ј (blue stick model), and symmetry (Sym) molecules loop (blue). b, PTP1b (yellow) and its substrate-peptide (purple) (PDB ID 1EEO) are superposed on 2IMG (green). Docking of pTyr/Tyr in the active site in both is very similar, and also, the substrate binding orientation and interaction surfaces are very similar. In both cases, Asp of WPD loop is spatially the same except for rotamer position change from the C␤ position. aa, amino acids. MLT stands for malate ion. structure, Tyr-136Ј makes close interaction with Asp-65 and Arg-101, and their role in dissociation is clearly revealed for the first time structurally (Figs. 5, a and b, and 6 ). In our structure, Tyr-136Ј represents the hydrolyzed Tyr of pTyr-substrate. The orientation of Thr-135Ј and Tyr-136Ј is very similar to Phe (P Ϫ 1 position) and pTyr in 1EEO structure despite the absence of the interacting residues for Thr-135Ј in VHZ. Also, the overall loop orientation is similar in both.
Mutagenesis Analysis of Crucial Residues of the Active SiteTo further extend our understanding of the active site integrity and role of various residues of the VHZ, a number of mutations were generated: L97A, L97E, F99A, and F66A. A relative percentage of increase/decrease in phenotype is measured for native and all mutants. Poly (Glu-pTyr) (4:1, 20 -50 kDa) and Lys-Arg-pThr-Ile-Arg-Arg phosphopeptides and pNPP were tested for the functional analysis.
Two mutations, L97A and L97E, were generated to study the effect of size and charge on substrate binding and catalysis. L97A mutant showed reduced phosphatase activity ϳ5-18% for tested pThr/pTyr phosphopeptides and pNPP (Fig. 7) . However, L97E showed severely reduced catalytic activity toward pTyr/pNPP (by ϳ89 -94%), suggesting a non-tolerance of negative charge but only ϳ15% reduction in activity for pThr phosphopeptide. A smaller reduction in phosphatase activity of L97E for pThr phosphopeptide suggests that the P Ϫ 1 residue Arg of pThr peptide may play a role by complementing the charge on Glu-97 (VHZ), as does the presence of Ile at P ϩ 1 position, similar to Val in ERK1.
Tyr-128 in VHR analogous to Phe-99 of VHZ stacks against the pTyr aromatic ring of substrate in the substrate-enzyme structure (PDB ID: 1J4X). In our putative enzyme-product complex, Tyr-136Ј is farther away from Phe-99, unlike VHR. However, it may be because it represents the product. To functionally characterize the effect of Phe-99 on substrate binding, F99A mutant was generated. Phe-99 is not strictly conserved in VHZ and is replaced by His in some orthologs, whereas it is Ile in PTP1b. Unexpectedly, the phosphatase activity of F99A mutant increases by ϳ76 -92% for pThr and pNPP and only marginally (4%) for pTyr phosphopeptide (Fig. 7) . The increase in activity suggests less requirement of Phe-99 for catalysis, or maybe a smaller residue enhances substrate binding. Only a mutational study on the corresponding residue in VHR can resolve this issue.
Phe-66 is characteristic of VHZ orthologs, and in the putative enzyme-substrate complex, this residue stacks with Tyr-136Ј representing the substrate/product. There is a similar stacking between pTyr of the substrate and Phe-182 in PT1P1b-substrate complex. F182H mutant of PTP1b decreased (but did not abolish) the activity of the enzyme for synthetic substrate derived from the epidermal growth factor receptor (31) . This Phe residue is important to help stabilize the transition state and contributes to a hydrophobic pocket that buries pTyr of the substrate (26, 32) . In VHZ, F66A produced variable effects depending on the tested substrates. As expected, it showed reduced phosphatase activity (ϳ74%) on pNPP and a drastically hampered activity (ϳ98%) on pThr. However, only a marginal reduction (ϳ6%) was observed for pTyr phosphopeptide (Fig.  7) . Reduction in phenotype for pNPP cleavage as expected suggests the important role of Phe-66 for aromatic interaction of phenyl ring of pNPP and thus pTyr of substrate for the proper positioning for catalysis.
Here since poly(Glu-pTyr) (4:1) substrate, which is a universal PTP substrate, is highly negatively charged, it may not represent natural substrate for the VHZ and thus presumably poses variation in results as with the pNPP. Further studies on more authentic substrates and also on p44ERK1 that is shown to be dephosphorylated by VHZ might shed light on these issues in future.
We can summarize these findings briefly by stating that although VHZ is more closely related in terms of both amino acid sequence (20% sequence identity) and three-dimensional structure (r.m.s.d. 2.2 Å for C␣ atoms) to the dual specificity phosphatase VHR, it resembles PTP1b (17% sequence identity and r.m.s.d. 2.4 Å for C␣) in terms of substrate/product binding properties. Given the observed similarities of the hydrophobic interactions between the enzyme and the phenyl ring of the substrate/product tyrosine for VHZ (involving Leu-97 and Phe-66) and PTP1b (involving Ala-217 and Phe-182) and the relative disposition of the conserved Asp of the WPD loop, we conclude that enzyme-substrate/product interactions in the vicinity of the TY motif largely dictate the mode of substrate/ product binding. Also, mutagenesis results indicate a possible role of P Ϫ 1, P1, and P ϩ 1 residue of substrate, and their interactions with VHZ residues such as Leu-97, Phe-66, and Phe-99 together might determine the substrate specificity, catalytically competent docking of pThr/pTyr at the active site, and thus efficiency of catalysis. Our analysis also suggests that the residues of the active site pocket in VHZ are scrutinized optimally during evolution to deliver the dual substrate specificity. Thus, our structure of the VHZ enzymesubstrate/product complex, the second structure of a dual specificity phosphatase enzyme-substrate complex, provides insights into substrate/product binding that differ significantly from those arising from the previously published structure of the VHR-substrate complex (PDB ID: 1J4X). Also, we presume that the other low molecular weight dual specificity phosphatase subfamily members lacking N-terminal CDC25 homology domain might share the similar mode of substrate recognition.
Proposed Mechanism of Dephosphorylation of Phospho-tyrosine by VHZ-Comparisons of our structure with those of other protein phosphatase enzyme-substrate complexes demonstrate that the modes of TY motif and malate ion binding provide potentially useful insights into VHZ substrate binding and catalysis. Specifically, we contend that Tyr-136Ј and the adjacent malate ion mimic the hydrolyzed phospho-tyrosine of the peptidic portion of the substrate and the cleaved phosphate group, respectively. In addition, we believe that the similarity among trajectories and relative spatial dispositions of the PTP and WPD loops in available related protein phosphatases structures indicate that PTPase signature motif phosphatases recognize the phosphoryl group and catalyze substrate hydrolysis via a common mechanism.
We, therefore, propose the following catalytic mechanism for VHZ (Fig. 8). 1) The reaction begins with entry of either pTyr or pSer/pThr to the active site. 2) Thereafter, the flexible WPD loop clamps down over the active site, bringing Asp-65 close to Arg-101, which stabilizes the closed conformation (Table 2, Figs. 5 and 8 ). 3) Asp-65, now in the vicinity of pTyr, supports acid/base catalysis, assisting formation of the cysteinyl-phosphate intermediate with SG of Cys-95 (3). 4) The phosphate group then undergoes hydrolytic removal, and Asp-65 acts as a general acid, donating a proton to the resulting phenoxide (Fig. 8, state a) and promoting leaving of the peptidic portion of the substrate. 5) Immediately following phosphate hydrolysis and peptidic substrate leaving, the WPD loop remains in the closed conformation, stabilized by interactions among Arg-101, the cysteinyl-phosphate side chain, and the WPD loop. 6) Thereafter, Asp-65, which now acts as a general base (23) , activates a water molecule that in turn engages in nucleophilic attack of the sulfur-phosphorous bond. 7) Finally, as the phosphate group leaves the active site, the WPD loop is free to adopt an open conformation capable of accepting entry of another substrate.
Although the proposed catalytic mechanism pertains to pTyr substrates, a similar mechanism may also pertain to pSer/Thr substrates. The difference in length between the C␣ atom and phosphate moieties of pSer/pThr and pTyr suggests that the backbone atoms of the substrate loop would have to descend deeper into the relatively shallow active site to facilitate pSer/pThr docking. Future structural analysis of this phosphatase with pSer/pThr substrates should further our understanding of substrate recognition/ selectivity and the mechanism of catalysis.
